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Padma Tiramalai, and Timaothy S, Tracy

Executive Summary

Inireduction

Forensic DINA testing is senously hampered by a growing backiog of DNA samples.
There are more than a half millicn unsolved criminal cases awaiting DNA (esting.  Part of
the solution is the development of new analytical methods to reduce the backleg. High
accaracy ot the resubts of DNA testing 1s of crilical importance. Analysis time and
expense are also signihicantly important considerations. New methods under
development for reducing the backlog are based on applications of denaturing high-
petformance liquid chromatography (dHPLOC).

Parpose of the report

‘The overall goal of the wark was io contribute to forensic DNA research and
development by generating results and findings that are usefud to crime laboratorics. The
scope of the work was 1o assess the potential for dHPLC for development into a useful
analytical method for forensic DINA testing, The project evaluated whether JHPLC has
the potential of being developed into a uselul analytical method for DNA testing.
Exploratory studies were perfermed on the extension of dHPLC techniques to the
detection and characterization of modificd DNA.

Forensic applications of Denaturing High-Performance Liquid Chromategraphy
(dHPLC)

dHPL.C is a recently develeped specialized version of high-performance liquid
chromatography (HPLC)Y. Whereas HPLC is a standard piece of equipmett used in many
crime labs for trace and drug analysis, dHPLC is currentiy available in only a few labs.
'The advanlage of dHPLC over HPLC is applicativns in DNA testing, Currenl dHIPLC
methods can detect DNA Single Nucleotide Polymorphisms {SNPs) in less than ten
minutes following PCR amplification. The methodelogy for obtaining sample DNA is
standard. The rescarchers collected hair samples from Aifiy volunteers, By sampling the
root, they were able to acquire DNA. Experiments were conducted wsing dHPLC 1o
detect SNPs from mitachondrial DNA. Although farther work ts needed to develop a
standardized method for forensic DNA mmalysis, the researchers concluded that dHPLC s
a promising way 1o analyze DNA with potentially significant advantages over commoniy
used methods,



Current IDNA analytical methods ure most effective for detecting and identifying
unmadified DNA. New methods for detecting modified DNA would be wseful to crime
labs, because deteclion of specifically-modilied DNA could assist in the identification of
imdividuals exposed to certain environmental. occupational and dictary cxposures to a
vartety of genotoxic chemicals. Exposure biemarkers for genoloxic substances are being
rapidly developed for discase states and for safety considerations. Forensic applications
will become obvious once the biomarkers are developed and validated. As an extension
af our work on dHPLC methods development for DNA, we applied dHPLC as a
separation tool tor isolation of modified INA by mass spectrometry in a preliminary
study. Inthese experiments, a small picce of duplex DNA was reacted wilk 2 metabolite
related to methamphetamine and the products separated by dHPLC. The resuits of mass
spectrometric analysis of the products showed that JHPLC has good potential as a
scparation method for modified DNA. Future work Is planned to develop a forensic
mecthod for determination of smoked methamphetamineg based on modified DNA
biomarkers,

Conclusions and Implications

SNP analysis by JHPLC is a useful screen of DNA samples prior to sequencing. 18 the
current dfIPLC methods are widely applied, significant savings of time and money are
realistically possible. The backlop of the most imponant DNA samples would be

_ signilicantly reduced if time-saving methods that use dHPLC were used by crime labs.

Strengths of dHPLC methods include ease of instrument operation, high sample
throughput, shorier sample analysis time, and potential for new methods development.
Commercially available dHPLC Instruimentation 1s as easy to use as are standard HPLC
instruments. High throughput dHPFLC is readily available. The cost per sample is low in
compartsen with sequencing., dHPLC sample analysis time is less than ten minutes,
which is much shorter time than the PCR step in the analysis. dHPLC is a Mexibie
platform for development of new applications in DNA testing,

Weaknesses include the absence of robust methods that can be routinely apptlied by crime
labs and training needs. There is a potential issue regarding the robustness of the
analytical dMPLC methods when applicd broadly in a variety of settings. The level of
cxpentise and training necded to maintain and operate currently available dE1PLC
instrumentation is the same as that needed for HPLC. Standardized procedures are not
available that can be used in crime labs with existing equipment and varying levels of
persennét qualifications. Intra- and inmerlaboratory studies using a standard method have
not been conducted 10 validate the method.

New methods Tor modificd DINA s an area of future application of dHPLC technology,
especially when used in conjunction with mass spectrometric technigues. Detection of a
chemical in a criminal exposed 1o that same chemical at a crimme scene can make a good
case for placing the criminal at the scene. Timing in the detection of the material is olten
critical since most chemicals ave rapidly eliminated from the body. Some chemicals



persist when bound o DNA or proteins. Examples of chermicals that bind strongly
include efectrophiles, such as some tear gas components. Some electrophiles are
gencrated in the body by the action of drug metabolizing enzymes. From ancther project
in our laboratories, we found that a breakdown product formed from smoking
methamphetaming is convened by liver enzymes to an clectrophilic epoxide that reacts
with DNA. We found that gHPLC provided an eftective method for separating adducts
formed from the parent oligenucleotide. Out results support an increased role for dHPLC
and mass spectrometry in the developmenl of forensic biomarkers.
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Project Description
Background

dHPLC is fast becoming an important lechnique for IDNA anatysis, For excellent roview
armicles on dHPLC, see references | and 2, and for 2 comprehensive bibliography en
dHPLC, sce the Sianford Genome Technology Center DNA Variation Group websile at
hitp:insertion stanford.edu/pub.ltml. The clinical research community reports that
dHPLC provides new methods for detecting DNA biomarkers for cancer and other
diseases {3-5), and mutation screening {6-13). Betz and coworkers found that dEIPLC is
a useiil prescreening method for detecting aberrant DNA methylation in cancer {11,
dHPLC methods are being developed for SNP analysis (2, 14-16), These applications to
SNP detection are a resource for the development and vatidation of forensically relevant
methods. dHPLC has played a role in detecting biomarkers of genotoxic effects and
cancer {17-20)

Published forensic applications of dHPLC include a comparison of dHPLC with direct
sequencing for SNP detection by Shi, et of. (213, smdies by Shinak e «f {22}on a
method for sex wdeniification by heteroduplex analysis, and the work of LaBerge, Shelton
and Danielson on the development of a dJHPLC method for mitochondrial DNA analysis
(23).

The dtIPLC platform is ideal for the separation of Polymerase Chain Reaction {PCR)
amplified SNPs. PCR is a process by which minute amounts of DNA {as from a single
strand of hair) are amplified several hundred times 1o vield specific streiches of DNA that
can be analyzed using techniques such as ge! electrophoresis, direct sequencing or the
mote recently proposed technique of dHPLC. In dHPLC, the amplified PCR products are
separated on a patented chromatography column to produce distinct DNA information for
cach individual. We proposed to evaluate this novel, ¢asy and rapid technigue of DNA
analysis as a candidate method for forensic DNA testing.

Applications of dHPLC methods are under consideration as a means to identifiy
individuals through DNA analvsis accurately and more quickly than can be donc by
currenl methods,

Scope and Mclhodology

DNA Extractions: DNA was extracted from hair shaft material vsing Promega® Tissue
and Hair Extraction kit in concert with DNA 1Q™,

IRD Approved. Approval from the West Yirginia University [RB was obtained for
collection of human 11ssue to use as samples of DNA. DNA was extracted from the hair
of 35 individuals using the Tissue and Hair Extraction kit in concert with DNA 1Q™
(Promega; Madison W), Atlempls to isolate DNA from nail clippings were unsuccessiul,



PCR: 5 pl of total extracted DNA was added to PCR reactions containing Amplitag
Gold® Bufter, Amplitag Gold® DNA Polymerase (1.25 Ulreaction}, 2.5 mM MgCl 200
pM each INTP, 0.4 pM cach primer, 50 p 1otal reaction volume. Multiplex samples
were the same except for adjustment of the primer.

Primers: 'The primers used for mt [DNA hypervariable studies are listed below {24).

HYI Fwd 5'- CAC CAT TAG CAC CCA AAG CT -7 15977
Rev 57 GAG GAT GGT OGGT CAA GGG AC -3 {6410

HY I Fwd 5°- C1C ACG GOA GCIT CIC CATY G -3° 28
Rev 5°- CTG TTA AAA GG CAT ACC GCC A -3' 429

The SNP Primers from Vallone et af. (25) werz:

4380 Fwd 3°- TCT TTG CAG GCA CACTCA TG -3°
3004 Rev 5'-TGG TTA TGUT TAG GGT TGT ACC G -3

F028 Fwd 5°- GOC CTG ACT GGC ATTGTATT -3
7202 Rev 5'- TTG ATG TGG TOT ATG CAT CG -3

dHPLC Analysis: Nun-denaturing conditions (Varian universal mth, 50) were used 10
evaluate PFCR product speeificity at 50°C. A puc/tiae 111 digest was used as the standard,
positive control. Injection volumes were 3 pl and controls were run as initial and final
samples. In addition, reagent blanks were used to determine the presence of any pussible
column conlamination. PCR reactions have been optimized in order to produce
consistent peak area from both uniplex and multiplex reactions.

Heterodupdex formation: PCR products were mixed ina 121 ratio based on peak area
obtained from non-denaturing AHPLC analysis of PCR products. The mixtures were then
heated at 94°C tor 4 min, then slowly cooled 10 25°C (@ ~ 1.5°C/min in order Lo allow for
heteroduplex formation 10 ocenr.

diIPLC anedvsis of hetero- and homo duplex formation:. Oplimal temperatures for each
of the four uniplex amplicens were first estimated cmpirically using the program
available @ hiypeVinsertion stanford.edu. In order establish uptimal temperatures, ail
PCR amplicons were screened at 36°C, 57°C, 58°C, 59°C and 60°C using comesponding
Varian Umiversal methed, Controls were Zero DNA emplate PCR reaction, reagent
blank (tests for column centamination). DYS271 mutation standard as a positive control
was run ficst and last to monitor colurmn performance.

dHPLC Instrumertetion: The dHPLC system was a Varian Helix system consisting of a
proprietary Helix DN A column and solvents, ProStar 430 autosampler, dual ProStar 210
solvent delivery modules, ProStar 520 column oven, ProStar 340 UY-¥is deteclor, and
Star Reviewer software,



Mass Spectrometry: Mass spectra were obtained on a Thermo Finnigan LCQ DECA ion
trap mass spectrometer operating under electrospray lonization in the negative ion
detection made.

Hesnlts

Nen-denaturing conditions (Varian universal mth, 50} were used to cvaluate PCR product
specificity at 50°C. A puc/Hae I1] dipest was vsed as standard/positive control. Injcction
volumes were 5 and controls were fun as imtial and Onal samples. In addition, reagent
blanks were used to determine the presence of any possible ¢column contamination. PCR
reactions bave been optimized in order 1o produce consistent peak areas from both
uniplex and multiplex reactions.

Mitochondrial IDNA was chosen as the initial DNA source for study. Limitations
regarding the use of mtIINA for definttive identification do exist. The small size of the
mtDNA genome (16,569 bp) does not allow for the power of discrimination obtained
through genomic STR analysis. In addition since mtDNA is primarily inherited via
maternal linkage, it is not possible to discern between maternal siblings. Earlicr work has
provided strong evidence of the eftectivencss of dHPLC in a forensic setting (23). The
work locused on Hypervariable regions I and IT which may not provide sufficient
discriminatory powes 10 identify individwals., This is apparent when one considers that
7% of the caucasians display the same HY haplotyvpe. Centain SNPs can be identified 10
increase the discriminatory power of mtDNA analysis. Our work included dHPLC
analysis of both of the HV] and HVTI in addition 10 5 SNPs (positions 458{, 4793, 5004,
7028, 7202). The approach was to amplify four repgions of the mt genome: HYI, HYII,
base region 4507-5074(includes SNP positions @ 4580, 4793 and 5004) and base region
6937-7254 (includes SNI positions 7028 and 7202). Minor adjustments in the position
of the HV1I reverse primer will include a sixih SNP at position 477 in addition 1o the
inclusion of the polymorphic variable [AC]s repeat that occurs within the base region
515-524. The inclusion of this region along with SNP 477 will further enhance
discriminatory power. The increase in length for the respective HVID amplicon will
enhance resolution between 11Y1 and HVI when run simultancously.  Aithougzh this
approach to increasing the discriminatory power of dHPLC analysis of mtDNA has not
been completed, we have detected the expected mismatches in atl 4 PCR amplificd
regions. In addition, no false positivesmegatives occurncd in the small sampie sct
evaluated. The dlPLL approach screened 80 sampies for possible matches or
mismatches in less than 24 hours. This includes time requined for DNA extraction, PCR
amplification, heteroduplex formation and dHPLC sctup. The work supports the
purpored utility of AHPLC in the development of betler DINA methods.

Initial tests of dHPLC (Varian Helix instrumenmation} have resulted in ability to detect
mismatches in all four PCR amplified regions. [n addition, to dute no Gilse
positivesmnegatives have occurred. However, the number of samples tested is small,
DNA extraclion prolocols have been standardized and have provided consistent results.
PCR reactions have been standurdized as well and both uniplex and multiplex reactions
display consistent perfomance and yield. High throughpot dEPLC trials have been



achieved resulting in the ability to screen in excess of 80 samples for possible match or
mismatch in less than 24 hours. This inclodes time required for DN extraction, PCR
amplification, heteroduplex formation, and dHPLC setup and run.

Preliminuary work on appiications of dHPLL to the chromatographic isolation of DNA
dumaged by covalent linkage with a reactive drug metabolite.

Lyetection of modified DNA in a criminal exposed to genotoxic chemicals at a crime
scene can make a gowd case for placing the criminal at the scene. Since most chemicals
are eliminated from the body within a day alter cxposure, the time prior (0 analysis is
often critical. Some chemicals persist when bound to DNA or proteins. Examples of
chemicals that bind strongly include electrophiles, such as some tear pas components.
Elcctrophiles can also be generated in the body by the asction of drug metabolizing
enzymes. From ancther project in our laboratories, we found that a breakdown product
formed from smoking methamphetamine is converled by liver enzymes to an
electrophilic epoxide that reacts with DNA (26). We found that dHPLL provided an
elMective methed for secparating the adduct formed from the parent oligonucleotide.

The mass spectrum of the Dickerson dodecamer oligonucicatide is shown in Figure 4.
Anatysis of samples from reaction mixtures of frans-phenylpropylene oxide and DNA by
mass spectrometry showed molecular jons consistent with adducted DNA. Adduction of
DNA at three dilferent charge states of =3 {m/z 1260), - 4 {mz 9435), and — 5 (m/z 756)
was observed as calculated from the oligoe mass calculator program {Figure 3). dHPLC
anaiysis of the reaction mixtures of trars-phenylpropylens oxide and DNA showed two
prominent adduct peaks (1 1.6 and 1.8 min, respectively) that were absenl in the
standards (Fipure 6). The oligonucleotide had a retention time of 2.08 min and frasns-
phenylpropylene oxide eluted at 4.57 min.

Discussion

The usc of mIDNA for the purpose of genetic identilication has become an area of great
intcrest, This is due to copy number, location, and survivability of the mt genome. in
cases where genomic DNA has been degraded and subsequent analysis of 5TR
information made difficult or impossible, mtENA may provide the only means of
identification.

Limiations regarding the use of mtIDNA for definitive identification do exist. 'The small
size of the mtDNA genome (16,5609 bp) does not allow tor the power of discrimination
obtained through genomic STR analysis. In addition since mtDNA is primarily inherited
via maternzl linkage, it is not possible to discern between matemal siblings. Although
this phenomenon may be advantageous in S0me scenerios.

Earlier work by LaBerge, of of, (23) provided strong cvidence of the effectivencss of
dl [PL.C in a forensic setting. Howewer, the published work appears 1o be limuted to the
Hypervariable regions 1 and 11 which may not provide sulTicient discriminatery power,



This is apparent when one considers that 7% of the Caucasians display the same HY
haplotype.

Coble, ef af. (27) identified a pangl of forensically relevant SNPs that increase the
discriminatory power of mIDNA analysis. Subsequent work by Vallone, e ol (26), have
incorporated 11 of these SNPs into a multiplex allele-specific primer extension assay.
Our current work included d1IPLC analysis of both of the HY1 and HYIT in addition to 3
SNPs identified by Coble et al. (27) (positions 4580, 4793, 5004, 7028, 7202} Currently
out approach is to amplify four regions of the mt genome: HY 1, HVYII, base region 4507+
3074{inctudes SNP positions & 4580, 4793 and 5004) and base region §957-7254
(includes SNP positions 7028 and 7202). Minor adjustments in the position of the HV1I
reverse primer will include a sixth SNP at positton 477 it addition to the inclusion of the
polymorphic variable | AC]s repeat that occurs within the base region 515-324, The
inclusion of this region along with SNF 477 will further enhance discriminatory power,
The increase in length for the respective HYIT amplicon will enhance resolution berween
HYI and HYII when run simultanecusly.

The high throughput advantages of dF [PLC are evidenced by the fact that we have
analyzed 84 samples in less than 24 hr. This includes time used for DNA extraction,
PCR amplification, and dHPLC analysis.

Current and future work will tune muliiplex PCR/JFHPLA conditions in order to achieve
conditions that would allow for both maximum throughput and greatest discriminatory
power in 2 single assay to make the method more uscful across crime tabs. An increase
in the number of DNA samples is also needed to maximize validity and significance.
This will also allow for an increase the “bBlinded” studics and attempts to resolve DNA
mixtures,

[nclusion of an additional region that includes both SNP 477 and [AC]s repeat should be
considered. This will not only increase discriminatory power, but will also allow greater
resolubion between the HYT fragment and the larger amplicon incorporating HV11 and the
above regions (477-525) when attempting to tune JHPLC conditions when ranning
multiplex PCR products.
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Figure 1: PCR amplification of hypervariable regions frem human mtDNA. Primer
pairs {Table 1} used alone {uniplex PCR) or in combination {multiplex PCR) to amplify
vanable segments of human mitochondrial DNA prior to analysis by dHPLC.
Hypervaniable regions I and [ of LaBerge et al. were first chosen. More recently,
Vallone et al. identified 11 SNPs in the mitochondrial genome that are highly variable
and potentially vseful for forensic analysis. Of these, 5 could be included within PCR,
amplicons suitable for dHPLAC analysis using only 2 new and unigue primer sets, When
amplified, the resulting amplicons were designated as SNP regions | and 1L, or SR1 and
SRIL of mtDNA. A pel polymerized from 1% agarose in 12X TBE buffer was nsed to
separate amplified PCR products using standard techniques (Maniatis et al | ). Lapes !
and 8, 100bp DMA ladder; Lane 2, 1IV]; Lane 3, HVII; Lane 4, SRI; Lane 5, SRIl; Lane
. multiplex reaction using buccal DNA source; Lane 7, multiplex reaction using hair
shaft DNA_ Note the poor resolittion of the 401 and 433 bp bands (HYT and HYTI).
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Figure 2: Separation of hypervariable amplicons by dHPLC. The dHPLC traces for
cach hypervariable amplicon used in the current study are shown individually in the
lower fowr traces. The top trace shows the result of attempis to separate all four
amplicons from a2 single multiplex PCR reaction. Note that, in our hands, the d}IPLC was
also unable to separate the 401 and 433 bp amplicons.

13



HV1 433 bp | SRI 566 bp SRI 300 bp
mismatch identity identity
\ A
S _ M
my
SRI 566 bp SRII 300 bp
HVI 433 bp mismatch mismatch
identity i.
i f
e o T b I 1 |1 L 1

Elution time in minutes

Figure 3: Resolution of identical and non-identical hypervariable amplicons by dHPLC.
In order to test the ability of dHPLC to discriminate idemtical versus non-identical
hypervariable amplicons, samples were tirst randomly assigned a partner. Paired samples
were then subjected to re-annealing with self and pariner, followed by JHPLC analysis.
Representative samples of each resclvable amplicon {minus HVI) are shown with a
matching DNA sample as well as a mismatched DNA sample as determined by dHPLC

analysis,

14



1%}

211)

Redalive Abundanca

¥ ¢ 5 8 83 3

b 0 a0 Wes im0 e st pop 2008

Figure 4: Negative ion electrospray ionization mass spectrum of duplex
Dickerson dedecamer oligonucleatide showing -3, -4, and -5 champe states.
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Figure 5: Negative ion electrospray mass spectenm of duplex Dickerson dodecamer
oligonucleotide adducled with frans-phenylpropylene oxide. Arrows represent the

adducls of different charge states.
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Figure 6: dHIPLC chromatograms of Lickerson dedecamer oliponucleotide, Ry=2.086
min {upper chronatogram) and oligenucleotide adducted with trass-phenylpropylenc
oxide (lower chromatogramy}.
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